Binding of the Hedgehog (Hh) protein signal to its receptor, Patched, induces accumulation of the seven-pass transmembrane protein Smoothened (Smo) within the primary cilium and of the zinc finger transcription factor Gli2 at the ciliary tip, resulting ultimately in Gli-mediated changes in nuclear gene expression. However, the mechanism by which pathway activation is communicated from Smo to Gli2 is not known. In an effort to elucidate this mechanism, we identified Dlg5 (Discs large, homolog 5) in a biochemical screen for proteins that preferentially interact with activated Smo. We found that disruption of Smo-Dlg5 interactions or depletion of endogenous Dlg5 leads to diminished Hh pathway response without a significant impact on Smo ciliary accumulation. We also found that Dlg5 is localized at the basal body, where it associates with another pathway component, Kif7. We show that Dlg5 is required for Hh-induced enrichment of Kif7 and Gli2 at the tip of the cilium but is dispensable for Gpr161 exit from the cilium and the consequent suppression of Gli3 processing into its repressor form. Our findings suggest a bifurcation of Smo activity in Hh response, with a Dlg5-independent arm for suppression of Gli repressor formation and a second arm involving Smo interaction with Dlg5 for Gli activation.
The Hedgehog (Hh) signaling pathway specifies embryonic pattern and functions post-embryonically in tissue regeneration and homeostasis (Beachy et al. 2004; Varjosalo and Taipale 2008; Ingham et al. 2011) . Inappropriate activation of the Hh pathway has been linked to malignancies such as basal cell carcinoma and medulloblastoma (Teglund and Toftgard 2010) . Hh signaling is initiated by the binding of Hh ligand to its receptor, the 12-pass transmembrane protein Patched (Ptch), thus relieving Ptch-mediated inhibition of the seven-pass transmembrane protein Smoothened (Smo). Smo then accumulates in the primary cilium, a nonmotile microtubule-based projection from the cell surface (Corbit et al. 2005; Rohatgi et al. 2007) , and this is accompanied by the ciliary exit of the GPCR Gpr161 and a concomitant reduction in basal cAMP levels in the cilium (Mukhopadhyay et al. 2013) . Canonical signaling results in the suppression of Gli processing into a truncated repressor, the accumulation of Gli proteins at the tip of the cilium, and, ultimately, Gli activation and translocation to the nucleus, where Hh target genes such as Gli1 are transcriptionally activated Kim et al. 2009 ).
Our understanding of the Hh pathway is incomplete, due in part to the fact that even though core components of the pathway are essentially conserved, significant mechanistic differences exist between Drosophila and vertebrates. Specifically, a cytoplasmic complex comprising the kinase Fused (Fu) and the atypical kinesin Costal-2 (Cos2) that links activated Smo and the Gli ortholog Ci in Drosophila does not seem to play a similar role in vertebrates (Robbins et al. 1997; Stegman et al. 2000; Lum et al. 2003) . Thus, Fu À/À mice do not exhibit phenotypes characteristic of abnormal Hh activity; instead, Fu is required for the formation of motile 9+2 cilia (Merchant et al. 2005; Wilson et al. 2009 ). The Kif7 ortholog of Cos2, on the other hand, is genetically implicated in Hh signaling, binds the Sufu/Gli complex, and is involved in the proteolytic processing of Gli into a transcriptional repressor (Cheung et al. 2009; Endoh-Yamagami et al. 2009; Liem et al. 2009; Maurya et al. 2013) , but the role of Kif7 or other proteins in linking activated Smo and Gli in the primary cilium remains unresolved. Several groups have attempted to fill this gap in understanding by performing genome-wide siRNA screens to identify novel components of the Hh signaling pathway (Evangelista et al. 2008; Hillman et al. 2011; Jacob et al. 2011) . Unfortunately, lack of reliability in the efficacy and specificity of siRNAs coupled with the likelihood of such screens leading to the identification of targets that disrupt the integrity of the primary cilia rather than selectively act on the Hh pathway has complicated these efforts. Conversely, mass spectrometry (MS)-based methods have been used to successfully identify components of multiprotein complexes, including the aforementioned Smo/ Cos2/Fu/Ci complex in Drosophila (Lum et al. 2003) .
Here, using GFP-tagged Smo (LAP-Smo) and stable isotope labeling for quantitative, MS-based measurement of relative protein abundances (Ong et al. 2002; Zhu et al. 2002; Hubner et al. 2010) , we identify Dlg5 (encoded by Discs large, homolog 5) as a preferential binding partner of Smo upon Hh pathway activation. Dlg5 is a 240-kDa cytoplasmic protein belonging to the membrane-associated guanylate kinase (MAGUK) superfamily of proteins and is homologous to a two-member family of Drosophila genes that includes the tumor suppressor dlg and dlg5 (Nakamura et al. 1998; Purmonen et al. 2002; Shah et al. 2002) . Functionally, the murine Dlg5 has been reported to be essential for the maintenance of cellular apical-basal polarity (Nechiporuk et al. 2007 ). We show that loss of murine Dlg5 diminishes the cellular response to Sonic hedgehog (Shh), although it is not required for formation of the primary cilium or ciliary accumulation of Smo. The Dlg5 protein is not enriched in the cilium proper but instead localizes to the basal body at the base of the cilium, where we also found Kif7 to be enriched. Although loss of Dlg5 impairs Hh-induced Gli2 and Kif7 accumulation at the ciliary tip and subsequent translocation of Gli2 into the nucleus, we observed no defect in the Hh-induced exit of Gpr161 from the cilium or in Hh-dependent suppression of the proteolytic processing of Gli3 into a repressor. These data indicate that Dlg5 interaction with Smo is specifically required for the activation of Gli but not for Smo-induced ciliary exit of Gpr161 and consequent suppression of Gli repressor formation. Smo activity thus bifurcates, with Dlg5 function restricted to the arm of the pathway that functions to activate Gli.
Results

Dlg5 is a Smo-interacting protein
We generated several clones of Smo À/À mouse embryonic fibroblasts (MEFs) that stably express LAP-Smo-a GFPtagged, fully functional form of Smo-and selected one (subsequently referred to as LAP-Smo MEF) that exhibited optimal response to the Hh pathway (Fig. 1A,B) . Treatment of LAP-Smo MEF with ShhN conditioned medium or 200 nM SAG1.5 (Smo agonist 1.5) resulted in a 10-fold increase in Gli-driven luciferase reporter, and this activity was suppressed by coincubation with 3 mM Smo antagonist cyclopamine (Fig. 1A) . In addition, ShhN induced the accumulation of LAP-Smo in the primary cilium (Fig.  1B) , indicating that the level of LAP-Smo expression in this cell line provided a normal response to activation and inhibition of the Hh pathway.
To identify proteins that preferentially interact with activated LAP-Smo, we made use of SILAC (stable isotope labeling with amino acids in cell culture), a labeling technique that permits MS-based identification of proteins selectively enriched in differently treated cell populations. In our experiment, populations of cells were grown in medium containing either ''light'' (i.e., naturally occurring) L-lysine and L-arginine or the ''heavy'' stable isotope analogs 13 C 6 , 15 N 4 -L-arginine and 13 C 6 , 15 N 2 -Llysine. The ''light'' cells were stimulated with a combination of ShhNp and SAG1.5 to induce maximal activation of the Hh pathway, whereas the ''heavy'' population was left untreated. Following immunoprecipitation of Smo (and associated proteins) using an anti-GFP matrix, peptides derived from both populations were combined and analyzed via capillary liquid chromatography-coupled tandem MS (LC-MS/MS) (Fig. 1C,D) . Among candidate Smo-interacting proteins that were enriched in the ''light'' population, we selected six of the top-ranked proteins that possess well-defined protein-protein interaction domains for subsequent validation (i.e., to confirm a specific association with Smo). To do so, we coexpressed LAP-Smo and individual 3xFlag-tagged candidate interactors in HEK293T cells and tested for coimmunoprecipitation. Three of these proteins-Epb4.1l5, drebrin 1 (Dbn1), and LYRIC-did not exhibit specific binding to LAP-Smo, and expression of a fourth, kinectin (Ktn1), was not detectable. Significantly, syntenin-1 and both fulllength Dlg5 and its guanylate kinase-like (GK) domain (Dlg5-GK) interacted specifically with LAP-Smo ( Fig. 1E ; Supplemental Fig. S1 ). In this study, we focused on the functional implication of the Smo/Dlg5 interaction in the context of Hh signaling.
Our SILAC/MS experiment suggested that Shh/SAG1.5 treatment significantly increased Dlg5 binding to Smo (Fig.  1D) . To validate this effect of Shh stimulation, we made use of a second clonal LAP-Smo cell line that expresses LAPtagged Smo at lower levels (LAP-Smo2). We found that similar levels of Gli-driven luciferase activity (data not shown) and Smo ciliary accumulation (Supplemental Fig.  S2 ) were induced by Shh in both cell lines. We found that LAP-Smo2 cells stimulated with ShhN for increasing periods of time and subsequently incubated with 1 mM DSP (Lomant's reagent) cross-linker displayed a gradual increase in the level of Smo-Dlg5 interaction (Fig. 1F) , confirming that Hh pathway activation promotes the association of Smo with Dlg5.
Mapping the Smo-Dlg5 interaction motifs
Dlg5 contains at least six motifs known to mediate proteinprotein interactions: four PDZ (postsynaptic density 95, discs large, zona occludens 1) domains followed by an SH3 (Src homology 3) domain and a GK domain that, like those of other MAGUK family proteins, is considered to be catalytically inactive. PDZ domains are 80-90 amino acids in length and usually bind at the extreme C termini of target proteins (Hung and Sheng 2002) , whereas SH3 domains are smaller (60 amino acids long) and bind hydrophobic PXXP motifs or related sequences (Sparks et al. 1996 (Sparks et al. , 1998 Mayer 2001) . GK domains are essential for function of MAGUK proteins, but little is known about the protein-protein interactions that they may mediate. Deletion of the GK domain in the Drosophila Dlg tumor suppressor inactivates the protein and results in imaginal disc tumors and reduced survival (Woods et al. 1996) . To map the interaction of Dlg5 with Smo, we coexpressed Dlg5 domains ( Fig. 2A) together with Smo in HEK293T cells. The most C-terminal PDZ (PDZ4) and the GK domains were sufficient to mediate Smo binding when expressed individually or in combination with other domains (Fig. 2B) , with the strongest interactions seen for GK-containing constructs.
To map the region of the Smo cytoplasmic tail (SmoCT) necessary for interaction with Dlg5, we generated 19 mutants spanning the length of the SmoCT, each containing a stretch of 10 consecutive amino acids mutated to alanine (Supplemental Fig. S3 ). We initially assayed the ability of these Smo mutants to bind the GK domain of Dlg5 and found that SmoCT-10A-17 exhibited the stron- gest defect in binding (Fig. 2C) . We confirmed that SmoCT-10A-17 also failed to bind full-length Dlg5 (Fig.  2D ), suggesting that amino acid residues 585-597 are essential for any physical association of Smo with Dlg5. This Smo-10A-17 mutant that fails to bind Dlg5 is also functionally defective in transducing the Hh signal when introduced into Smo À/À cells ( Fig. 2E ) yet accumulates in the primary cilium when overexpressed in NIH3T3 fibroblasts (Fig. 2F) . These results suggest that Smo's ability to traffic into the primary cilium is independent of its interaction with Dlg5.
Dlg5 is a positive regulator of Hh signaling
As the inability of Smo to bind Dlg5 correlates with the impairment of Smo-mediated transduction of the Hh signal ( Fig. 2D,E) , we compared the state of Hh pathway activation in MEFs derived from Dlg5 knockout mice (Dlg5 À/À MEFs) and control MEFs from Dlg5 +/À mice. We found that expression of the Gli1 protein, encoded by the Hh transcriptional target Gli1, was impaired in Shhtreated Dlg5 À/À MEFs ( Fig. 3A) , and this defect was rescued by reintroduction of exogenous LAP-Dlg5 into Dlg5
MEFs (Fig. 3B). Two different small molecule Smo agonists-SAG1.5 and activating oxysterols [a combination of 20(S) and 22(S)-hydroxycholesterol]-also failed to induce Gli1 expression in Dlg5
À/À MEFs (Fig. 3C ). Furthermore, siRNA-mediated depletion of Dlg5 in Ptch À/À MEFs resulted in a 50% reduction in Gli1 protein levels, whereas a similar depletion had a minimal effect on Gli1 in Sufu 
Dlg5 localizes to the basal body
Dlg5 has been shown to associate with N-cadherin in cytoplasmic vesicles and at adherens junctions (Nechiporuk et al. 2007 ). In addition, we noted significant colocalization of overexpressed LAP-Dlg5 specifically with the g-tubulinenriched basal body at the base of the primary cilium but not with the adjacent daughter centrosome in NIH3T3 fibroblasts (Fig. 4A ). To validate association of endogenous Dlg5 with the basal body, we fractionated subcellular organelles from LAP-Smo2 MEFs using sucrose density gradient centrifugation and analyzed by Western blot the fractions corresponding to 40%-70% sucrose, which include centrosomes but exclude less dense cytoplasmic vesicles and plasma membrane. We found that endogenous Dlg5 cosedimented with g-tubulin in lysates from these unstimulated LAP-Smo2 MEFs (Fig. 4B ,C) as well as MEFs stimulated with Shh ( Fig. 4D ,E). We also analyzed these sucrose fractions for Lamin-A/C (a marker for the nucleus), calnexin (a marker for the endoplasmic reticulum), and acetylated tubulin and failed to detect enrichment of these proteins in the g-tubulin-containing fractions (data not shown). These results suggest that Dlg5 is a resident protein of the basal body whose localization at this organelle is independent of the state of activation of the Hh pathway. In addition to Dlg5, LAP-Smo also partially cofractionates with g-tubulin, raising the intriguing possibility that Hh signaling may be influenced by an interaction between Smo and Dlg5 at the basal body prior to Smo entry into the primary cilia.
Kif7 is a basal body-associated protein that binds both Smo and Dlg5
The kinesin-like protein Kif7 is another mammalian Hh pathway component that has been reported to localize to the base of the cilium (Endoh-Yamagami et al. 2009; Liem et al. 2009 ), with Hh-induced accumulation at the ciliary tip. We confirmed the localization of Kif7 at the ciliary base and further demonstrated its colocalization with g-tubulin at centrosomes ( Fig. 5A ) in Dlg5 +/À cells, which are essentially normal in their response to Shh stimulation. In addition, we observed a twofold increase in accumulation of Kif7 at the ciliary tip upon Shh stimulation (Fig. 5B,C) . Given the colocalization of Kif7 and Dlg5 at the basal body, we tested their physical interaction by coexpressing LAP-Dlg5 and Kif7-3xFlag in HEK293T cells and were able to demonstrate that Dlg5 specifically coimmunoprecipitates Kif7 (Fig. 5D ) and that Kif7 specifically coimmunoprecipitates Dlg5 (Fig. 5E ). We further found that, like Dlg5, Kif7 interacts with the SmoCT (Fig. 5F ), consistent with previous studies demonstrating an interaction between Smo and Kif7 (EndohYamagami et al. 2009; Yang et al. 2012) .
Kif7 is a member of the kinesin superfamily of proteins, most of which comprise four distinct structural domains: an N-terminal motor domain with the ability to bind nucleotides and microtubules, a short neck that serves as a linker, a stalk region that contains multiple coiled-coil domains, and a globular tail that generally functions as the cargo-binding domain (depicted in Supplemental Fig. S4A ; Katoh and Katoh 2004; Klejnot and Kozielski 2012) . By coexpression of these distinct domains in HEK293T cells, we were able to map the neck domain of Kif7 as the site of interaction with Dlg5 (Supplemental Fig. S4B ) and distinct sites in the neck and stalk domains of Kif7 as the sites of interaction for the SmoCT (Supplemental Fig. S4C ).
To map the corresponding determinants in the SmoCT that are required for Smo to interact with Kif7, we coexpressed in HEK293T cells the previously described SmoCT alanine block mutants and Kif7. We found that, in contrast to Dlg5, the interaction with Kif7 is disrupted by multiple SmoCT-10A mutants (Supplemental Fig.  S5A ), suggesting that multiple nonlinear determinants of the SmoCT contribute to interaction with Kif7. Interestingly, despite poor conservation of the cytoplasmic tails of Drosophila and vertebrate Smo, SmoCT residues 644-653, which when mutated in SmoCT-10A-12 abolish interaction with Kif7, are part of the region that most closely aligns to the region in Drosophila Smo that is required for interaction with Cos2 (Supplemental Fig.  S5B ; Lum et al. 2003) . It is also noteworthy that SmoCT-10A-17, which fails to bind Dlg5, retains the ability to interact with Kif7, suggesting that Dlg5 and Kif7 interaction with Smo does not need to be mutually exclusive. Finally, we also determined that the PDZ4 and GK domains of Dlg5 are sufficient for binding Kif7 (Supplemental Fig. S5C ). +/À and Dlg5 À/À MEFs that were subjected to overnight serum starvation and subsequently stained with an antibody against acetylated tubulin (red) to label primary cilia. DAPI-labeled nuclei are outlined using white dashed circles, and primary cilia are indicated by asterisks. The fraction of nuclei associated with a primary cilium in each cell line is quantified in F. All error bars are SD. n > 95 nuclei. Data were analyzed using a two-tailed unpaired t-test (P = 0.46). There was no significant difference in the frequency of ciliation in Dlg5 +/À and Dlg5 À/À cells. (G,H) Microscopy analysis of Shh-stimulated uninfected or LAP-Dlg5-infected Dlg5 À/À MEFs stained with antibodies against acetylated tubulin (red) and Smo (green). Images shown are shifted overlays. The fraction of primary cilia that overlaps with Smo is quantified and plotted in H. All error bars are SD. n > 43 cilia. Data were analyzed using a two-tailed unpaired t-test (P = 0.36). The fraction of cilia that contained Smo in response to Shh was not significantly different in the two cell populations.
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Smo and Dlg5 are necessary for Shh-induced accumulation of Kif7 at the ciliary tips Kif7 accumulation at the ciliary tip is correlated with Hh pathway activation, and a Kif7 mutant that fails to accumulate at this site causes defective Hh signal transduction (Liem et al. 2009 ). As we do not see Dlg5 accumulation at the ciliary tip, it is likely that any functionally meaningful interaction between Dlg5 and Kif7 would occur prior to Kif7 entry into the cilium. Accordingly, we tested the effect of Dlg5 function on Hhinduced accumulation of Kif7 at the ciliary tip and found that in Dlg5 À/À cells, which lack all Dlg5 function, the basal level of Kif7 localized to the ciliary tip did not increase significantly upon Shh stimulation (Fig. 6A-C) ; this defect was rescued by retroviral transduction of Dlg5 À/À cells with a Dlg5 expression construct (Fig. 6D-F) but not by a similar construct lacking the domains necessary for binding both Smo and Kif7 (Dlg5-ΔPDZ4,ΔGK) (Supplemental Fig. S6 ). To further investigate the dependence of Kif7 ciliary accumulation on Smo, we examined Kif7 localization in Smo À/À and LAP-Smo2 MEFs. We noted no increase in the amount of Kif7 at the ciliary tip in Shh-treated Smo À/À MEFs (Fig. 6G-I ) but did observe a rescue of Hh-induced accumulation of Kif7 at the ciliary tip when these cells were stably transduced with a retroviral construct for expression of Smo (LAPSmo2 MEFs) (Fig. 6J-L) .
Dlg5 regulates Gli2 ciliary accumulation but not Gli3 processing
Gli2 and Gli3, respectively, are the major transcriptional activating and repressing transcriptional effectors of Hh signaling. Full-length Gli3 (Gli3FL) is processed into a truncated repressor (Gli3R) in the absence of Hh ; Hh stimulation not only blocks proteolytic cleavage of Gli3 but also induces the accumulation of Gli2 at the tip of the primary cilium Kim et al. 2009 ), an event that precedes Gli2-mediated transcriptional activation in the nucleus. Although Smo is required for reducing formation of Gli3R and for activating Gli2, both of which increase Hh-induced transcription of pathway targets, Kif7 has been implicated in both pathway suppression via formation of Gli3R (Cheung et al. 2009; Endoh-Yamagami et al. 2009 ) and pathway activation (Cheung et al. 2009; Liem et al. 2009 ), presumably via Gli2. The ratio of Gli3FL/Gli3R as well as the ciliary accumulation of Gli2 thus serve as functional readouts of Hh pathway activity and can be analyzed to determine how the defects in Dlg5 À/À cells impact the pathway. We observed some Gli2 localization at the ciliary tip in unstimulated Dlg5 À/À MEFs, as also reported in wild-type MEFs (He et al. 2014 ), but noted that Hh stimulation failed to induce any significant increase in ciliary Gli2. Importantly, a Hh-dependent increase in accumulation of Gli2 at the ciliary tip was restored by introduction of LAP-Dlg5 into these cells (Fig. 7A,B) . In addition, we failed to observe any increase in Gli2 accumulation in the nucleus in Hhstimulated Dlg5 À/À MEFs (Fig. 7C) . Conversely, we noted that Hh stimulation blocked the proteolytic processing of Gli3FL into its repressor form in both the absence and presence of Dlg5, resulting in a fourfold increase in Gli3FL/ Gli3R ratios in both Hh-treated Dlg5 À/À MEFs and cells expressing exogenous LAP-Dlg5 (Fig. 7D,E) .
As ciliary cAMP generated by Gpr161 (Mukhopadhyay et al. 2013 ) may activate PKA that is required for Gli processing to form a repressor, we examined the effect of Dlg5 function on Hh-stimulated ciliary exit of Gpr161. Strikingly, we found in Dlg5 À/À MEFs that Hh stimulation remained fully effective in causing Gpr161 removal from the cilium (Fig. 7F,G) , suggesting that the inactivation of PKA does not require Dlg5. Taking into consideration the prominent localization of PKA at the base of the cilium (Tuson et al. 2011) , we investigated whether CK1a, another kinase implicated in Gli repressor formation (Pan et al. 2006) , also localizes to the basal body. Intriguingly, we observed colocalization of endogenous CK1a and g-tubulin in both untreated and Hh-treated Dlg5 +/À MEFs (Fig. 7H) , suggesting constitutive CK1a localization at the basal body independent of the state of Hh pathway activation. Consistent with the lack of Dlg5 involvement in the Hh-induced exit of Gpr161 from the cilium and the suppression of Gli3R formation, we found that CK1a also localizes at the basal body in the absence of Dlg5 (Supplemental Fig. S7 ). These data suggest that, despite overall impairment of Hh response in a Dlg5 À/À setting, the activities of components involved in regulating Gli3R formation remain fully intact.
Discussion
Hh-induced changes in gene transcription result from suppression of the proteolytic processing that generates Gli repressor (predominantly Gli3) and from activation and nuclear accumulation of full-length Gli proteins (predominantly Gli2) Kim et al. 2009 ). These effects of Hh pathway activation on Gli repressor formation and Gli activation both require Smo. In contrast, we found that although the Smo-interacting protein Dlg5 is required for Gli activation, it is not required for Hh-induced suppression of Gli repressor formation. Our observations thus suggest that Smo activity bifurcates into a Dlg5-independent arm, acting via suppression of Gli repressor formation, and a Dlg5-dependent arm, which is associated with accumulation of Kif7 and Gli at the ciliary tip and Gli accumulation in the nucleus. Interestingly, Kif7 appears to have opposing roles in these two arms of Hh response. Gli3R processing is lost in Kif7 mutants (Cheung et al. 2009; Endoh-Yamagami et al. 2009 ), implying a role in promoting repressor formation, but Kif7 loss also reduces pathway activation, suggesting a positive role for Kif7 function in the Gli activation arm of Hh response. This dual role of Kif7 in Hh response parallels the dual role of Cos2 in Drosophila Hh response ; Wang and Holmgren +/À MEFs untreated (A) or stimulated with Shh (B) and stained using antibodies against acetylated tubulin and g-tubulin (both red) and Kif7 (green). The pixel intensity of Kif7 at the tip of each cilium was quantified using ImageJ, and the mean Kif7 intensities for each treatment are plotted in C. All error bars are SD. n > 20 cilia. Data were analyzed using a two-tailed unpaired t-test ([*] P = 0.0003). Kif7 constitutively localized to the basal body and also accumulated at the ciliary tip in response to Shh. (D-F) Coimmunoprecipitation with an anti-GFP matrix of lysates from HEK293T cells transfected with either LAP-Dlg5 and Kif7-33Flag (D), Kif7-EGFP and Dlg5-3xFlag (E), or YFP-SmoCT and Kif7-3xFlag (F). Dlg5 specifically coimmunoprecipitated Kif7 and vice versa; Kif7 was also found to specifically bind the SmoCT.
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Within the Dlg5-independent arm, as revealed in cells lacking Dlg5 function, we observed Hh-induced Smo ciliary accumulation and ciliary exit of Gpr161 (Fig. 8) . Gpr161 signaling via Ga s and adenylyl cyclase increases cAMP in the cilium (Mukhopadhyay et al. 2013) . Given the free passage of small molecules between the cilium and cytoplasm (Breslow et al. 2013; Lin et al. 2013) , ciliary cAMP might be expected to activate the fraction of PKA that is prominently localized at the base of the cilium (Liem et al. 2012; Mukhopadhyay et al. 2013) . The additional presence of CK1a at the basal body, as noted above ( Fig. 7H; Supplemental Fig. S7 ), suggests that the ciliary base may be the site of PKA-mediated phosphorylation events that in turn prime CK1a-mediated phosphorylation events and that together contribute to Gli repressor formation . In this context, we note that the importance of the cilium for Gli repressor formation may be primarily as a local source of cAMP for activation of PKA at the basal body. Hh-stimulated exit of Gpr161 from the cilium would then remove the source of cAMP and reduce PKA activation, and ciliary exit of Gpr161 thus could be the critical event in Hh-mediated suppression of Gli repressor formation. Consistent with (green) at the ciliary tips were quantified and are plotted in L. n > 27; (*) P = 0.022. All samples were stained using antibodies against acetylated tubulin and g-tubulin (both red) and Kif7 (green). Shifted overlays of all boxed regions are shown, and the direction of displacement of the green channel with respect to the red channel for individual shifted overlays is indicated by the arrows. All error bars are SD, and data were analyzed using a two-tailed unpaired t-test. Shh failed to induce Kif7 accumulation at the ciliary tips in Dlg5 À/À MEFs and cells transduced with LAP-Dlg5 and stained using antibodies against acetylated tubulin (red) and Gli2 (green). The pixel intensities of Gli2 at the ciliary tip and nucleus were quantified using ImageJ, and the mean Gli2 intensities for each treatment are plotted. All error bars are SD. n > 65. (n.s.) P = 0.51; (*) P = 0.0013) for ciliary Gli2. (n.s.) P = 0.57; (**) P = 0.013 for nuclear Gli2. Gli2 failed to accumulate in the cilium and nucleus of Dlg5 À/À MEFs in response to Shh; however, introduction of LAP-Dlg5 into these cells this model, in cells lacking Dlg5 function, we observed that Hh-induced exit of Gpr161 from the cilium and suppression of Gli repressor formation are both preserved. In contrast, loss of Dlg5 function is associated with reduced accumulation of Gli2 in the nucleus and a block of other events associated with Gli activation, such as increased accumulation of Gli2 and Kif7 at the ciliary tip (Fig. 8) . The Dlg5 protein thus appears dedicated to the Gli-activating arm of Hh stimulation. As Smo activation and Gli2 activation both require ciliary trafficking, it is notable that Dlg5 is prominently localized to the basal body and thus would appear to exert its effect outside of the cilium proper. In light of the role of coiled-coil domains in the targeting of proteins to the centrosome (Cohen and Parry 1990; Jakobsen et al. 2011) , it is likely that the N-terminal coiled-coil domain of Dlg5 is responsible for its basal body localization. The additional interaction of Dlg5 with Kif7, which also is prominently localized to the basal body, suggests the possibility that the Dlg5 effect on Smo activity may involve formation or alteration of a Smo complex with Kif7 that then becomes competent to activate Gli2 upon entry into an activated cilium. A recent observation that Kif7 is required for the specific compartmentalization of Gli2 at the tip of the cilium (He et al. 2014) indicates that transduction of the Hh signal through the Smo/Kif7 complex might be achieved via the creation of a Kif7-mediated permissive microenvironment at the ciliary tip that allows for the subsequent accumulation of Gli2 at the distal end of the cilium. Dlg5 thus may represent a proximal factor that functions in actuation of the positive arm of Kif7 action in response to Smo activation.
The dispensability of Dlg5 for Hh-induced suppression of Gli repressor formation indicates that even Dlg5 À/À cells undergo a significant shift in the ratio of Gli activator to Gli repressor (Gli A /Gli R ). This balance between repressor and activator is a key determinant in the transcriptional activity of Hh target genes. Such an alteration to the balance of Gli A /Gli R may suffice to mediate the transcription of certain target genes despite the absence of positive Gli2 activity in a Dlg5 À/À setting. As an example of such an effect, the Drosophila Hh transcriptional target decapentaplegic (dpp) is transcriptionally activated upon loss of the transcriptional repressor derived from Ci, the Drosophila Gli ortholog, even in the complete absence of activated Ci (Dominguez et al. 1996; Methot and Basler 1999) . The relative importance of Gli activation or Gli repressor suppression may vary among target genes and even for the same target gene in different tissues. The sustained induction of Gli1 expression in Dlg5 À/À MEFs, albeit at a reduced level, may indicate either that suppression of repressor formation suffices for low-level induction of Gli1 expression or, alternatively, that other mechanisms of Gli activation may exist that are not affected by Dlg5 loss. Sustained low-level Gli1 induction in association with intact regulation of Gli repressor formation is reminiscent of the recently reported phenotype of cells lacking function of the Evc2/Efcab7/Iqce complex (Pusapati et al. 2014) , suggesting that this tripartite complex may also function primarily in the Dlg5-dependent arm of the Hh pathway to activate Gli proteins. Unlike Dlg5, however, the Evc2 complex localizes to a region at the proximal end of the cilium, where its interaction with Smo serves to spatially restrict Smo within this ciliary microcompartment.
Given the proposed role of Dlg5 in Gli activation, it may seem surprising that only 50% of Dlg5 À/À mice die perinatally (Nechiporuk et al. 2007) . Although it is possible that the other four members of the Dlg protein family could contribute Hh signaling function in the absence of Dlg5, the N-terminal coiled-coil domain of Dlg5 is replaced in the other family members by a smaller PEST domain (Woods and Bryant 1991) . Furthermore, the PDZ4 domain in Dlg5 that interacts with Smo and Kif7 is absent in the other four Dlg proteins. Taking into consideration these structural differences, it seems unlikely that these other Dlg family members can compensate for loss of Dlg5 function. Interestingly, survival through gestation until birth is reported for mice lacking Evc2 (Caparr os-Mart ın et al. 2013), which may also function in the Dlg5-dependent Gli activation arm of Hh response (see above).
The major source of activated Gli transcriptional activity is Gli2, and in this regard, it is worth noting that embryos lacking Gli2 function survive to late stages of gestation with surprisingly minor patterning defects. The Figure 8 . Model for a Dlg5-mediated bifurcation in Smo activity during Hh response. In the absence of Hh, Gpr161 establishes a level of cAMP in the cilium that promotes the Kif7 and PKA/CK1a-dependent processing of Gli3 into Gli3R at the basal body. Upon Hh stimulation, in the ''Dlg5-independent'' arm of the pathway, Smo activation in the cilium drives the ciliary exit of Gpr161, and the consequent decrease of ciliary cAMP leads to suppression of Gli3R formation, thus alleviating transcriptional repression of Gli1 and other transcriptional targets. In the ''Dlg5-dependent'' arm of the pathway, Dlg5 interaction with Smo at the basal body contributes to the formation of a complex that results in accumulation of Gli2 and Kif7 in the cilium and to the activation of Gli2 and subsequent high-level Hh response. ability to generate Gli repressor primarily from proteolytic processing of Gli3 in a Hh-regulated manner thus suffices to supply a substantial proportion of the Hhmediated patterning activity required for embryonic development. It is worth noting in this context that Dlg5 À/À animals display defects in lung branching (Nechiporuk et al. 2013 ) very much like those associated with genetic defects in Hh signaling (Bellusci et al. 1997; Pepicelli et al. 1998; Miller et al. 2004 ). In addition, Dlg5 single-nucleotide polymorphisms (SNPs) have been identified in numerous families of European descent with inflammatory bowel disease (IBD) (Friedrichs and Stoll 2006; Henckaerts et al. 2008) , an intriguing observation in light of previous work implicating Hh response in IBD and the regulation of inflammatory pathways in the gut (Nielsen et al. 2004; Lees et al. 2008; Zacharias et al. 2010) .
We note that localization of Dlg5 at the basal body places it at an early point in the Smo activity cycle. Further work will be required to determine how many other factors, possibly including the tripartite Evc2 complex, may be specifically dedicated to the Dlg5-dependent Gli activation arm of Hedgehog response. We also anticipate the possibility that specific factors, perhaps also localized at the base of the cilium, may be involved in directing Smo action to the suppression of Gli repressor formation via expulsion of Gpr161 from the primary cilium.
Materials and methods
Antibodies, chemicals, and small molecules
The following commercial antibodies were used: anti-acetylated tubulin (T6793, Sigma), anti-g-tubulin (T6557, Sigma), anti-GFP (A-11122, Invitrogen), anti-Flag M2 (F3165, Sigma), anti-b-actin (C4) (sc-47778, Santa Cruz Biotechnology), anti-CK1a (C19) (sc-6477, Santa Cruz Biotechnology), anti-Gli1 (L42B10) (2643, Cell Signaling), and anti-Gli3 (AF3690, R&D Systems). The following antibodies have been described elsewhere: anti-Smo (Kim et al. 2009 ), anti-Dlg5 (Nechiporuk et al. 2007 ), anti-Kif7 (Liem et al. 2012 ), anti-Gli2 (Cho et al. 2008 , and anti-Gpr161 (Mukhopadhyay et al. 2013) . For immunoblotting, horseradish peroxidase-conjugated goat anti-mouse and anti-rabbit (Promega) and donkey anti-goat (Jackson ImmunoResearch) secondary antibodies were used. For immunofluorescence microscopy, Alexa Fluor 488-and 594-conjugated secondary antibodies were from Life Technologies. SAG1.5 was purchased from Enzo Life Sciences, DDM and CHS were purchased from Affymetrix, and Cytochalasin B and nocodazole were purchased from Sigma. Cyclopamine was a generous gift from Dale Gardner (US Department of Agriculture). ShhN conditioned medium and ShhNp protein were prepared as previously described (Taipale et al. 2000) .
DNA constructs
LAP-Smo was constructed by inserting the Smo signal sequence (residues 1-33) upstream of the GFP tag in the retroviral vector pBabe-Puro (Morgenstern and Land 1990) prior to the subcloning of Smo (lacking the signal sequence) downstream from the LAP cassette (GFP-TEV site-S peptide). The pCMVSport6-StrawberryDlg5 vector (Nechiporuk et al. 2007 ) was used as the template for the PCR of Dlg5. All C-terminal 3xFlag and EGFP constructs were made by the subcloning of the respective PCR products into the pCMV14-3xFlag (Sigma) and pEGFP-N3 (Clontech) vectors, respectively. Mutations were generated using the QuikChange Lightning site-directed mutagenesis kit (Agilent Technologies) per the manufacturer's instructions.
Cell culture
NIH3T3 cells were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% bovine calf serum (BCS) (Hyclone) and 1% penicillin/streptomycin/glutamine (PSQ). Smo
, and Sufu À/À MEFs were grown in DMEM supplemented with 10% fetal bovine serum (FBS) (Omega Scientific) and 1% PSQ. HEK293T and Phoenix ampho cells were grown in DMEM supplemented with 10% FBS, 1 mM sodium pyruvate (Life Technologies), and 1% PSQ. For generation of retroviruses, Phoenix ampho packaging cells were transfected with retroviral vectors using calcium phosphate, and retroviral supernatant was collected 2 d after transfection. Cells were infected with the retrovirus via spin infection at 2500 rpm for 90 min in the presence of 6 mg/mL polybrene (EMD). Smo MEFs, Smo alleles (at 5% by mass) were cotransfected with the reporter plasmids. Upon confluence, cells were shifted to DMEM with 0.5% serum containing ShhN conditioned medium (1:10 dilution) or other small molecules as indicated and incubated for an additional 36 h, after which luciferase activities were measured using the dual-luciferase reporter assay system (Promega) and a Berthold Centro XS3 luminometer.
SILAC and LC-MS/MS analysis
LAP-Smo cells were grown in L-lysine and L-arginine-deficient DMEM (Pierce) supplemented with 10% dialyzed FBS (Pierce) and PSQ for 2 wk. The ''light'' culture was additionally supplemented with unlabeled L-lysine and L-arginine (Cambridge Isotopes), whereas the ''heavy'' culture was supplemented with L-lysine-2HCL (U-13 C 6 , 99%; U-15 N 2 , 99%) (Cambridge Isotopes) and L-arginine-HCl ( 13 C 6 , 15 N 4 ) (Pierce). Upon confluence, cells were starved overnight with DMEM containing 0.5% dialyzed FBS. The ''light'' culture was then stimulated with ShhNp and SAG1.5 for an additional 4 h. Cultures were then lysed in a solubilization buffer (50 mM Tris at pH 7.4, 20% glycerol, 100 mM KCl, 1 mM MgCl 2 , 2 mM DTT, 90 U/mL benzonase, 1% DDM, 0.1% CHS) supplemented with Halt protease and phosphatase inhibitors (Pierce). Precleared lysates from the ''light'' and ''heavy'' cultures were then incubated individually with anti-GFP microbeads (Miltenyi Biotech) for 2 h at 4°C. The two suspensions were then transferred to separate M columns (Miltenyi Biotech) for isolation of bound proteins. In-column digestion of proteins was performed by direct incubation of column-trapped beads with trypsin (Promega) under reducing conditions (1 mM DTT, 2 M urea) for 1 h. Digested peptides were eluted in a buffer containing 5 mM iodoacetamide and 2 M urea. Peptides from the ''light'' and ''heavy'' samples were combined and incubated overnight in the dark for the cysteinyl-selective alkylation of reduced peptides. Peptide identification and relative quantification were determined by LC-MS/MS. Desalted, tryptic peptides were resolved by microcapillary reversed phase chromatography (EASY-nLC II [Proxeon]; 75-mm ID column with pulled-needle emitter [New Objective] custom packed with C18 Ultro 120 matrix [Peake Scientific], 25 cm in length) and subjected to precursor and fragmentation analyses on a LTQ Orbitrap Velos mass spectrometer (ThermoFisher Scientific). High-resolution (60,000) precursor scans in the Orbitrap were followed by ''top12'' tandem MS analyses (CID or ETD; on-board data-dependent decision tree logic) in the LIT. Peptide/protein identifications and ratio calculations were performed using MaxQuant (Cox and Mann 2008) . Data were searched against a mouse protein database using the built-in Andromeda search engine (Cox et al. 2011) . Methionine oxidation and N terminus acetylation were set as variable modifications, whereas cysteine carbamidomethylation was set as a fixed modification. Peptide and protein false discovery rates were fixed at 0.01.
Immunoprecipitation and immunoblotting
HEK293T cells were transfected with the indicated constructs using FuGENE 6 (Promega). Whole-cell lysates were incubated with GFP-Trap magnetic beads (Chromotek) for immunoprecipitation of GFP-tagged proteins. For cross-linking of proteins in LAPSmo2 MEFs, cells were incubated with 1 mM DSP (Pierce) for 2 h at 4°C. The reaction was then quenched (100 mM Tris at pH 7.4 for 30 min at 4°C), and cells were lysed in a DTT-free solubilization buffer (50 mM Tris at pH 7.4, 20% glycerol, 100 mM KCl, 1 mM MgCl 2 , 1% DDM, 0.1% CHS) supplemented with Halt protease and phosphatase inhibitors. GFP-Trap magnetic beads were used for immunoprecipitation, and bound proteins were eluted in SDS sample buffer containing 50 mM DTT. Bands on Western blots were quantified using ImageJ software (National Institutes of Health) or Image Lab (Bio-Rad) software.
Immunofluorescence
Cells were grown to confluency on glass coverslips in 12-well plates and then starved overnight in DMEM containing 0.5% serum with the indicated treatments. Cells were fixed in either 4% paraformaldehyde for 20 min at room temperature or methanol for 5 min at À20°C (for staining of Smo or g-tubulin). After blocking in 1.5% normal goat serum (Jackson ImmunoResearch), fixed cells were incubated with the indicated primary and secondary antibodies and mounted using ProLong Gold anti-fade reagent with DAPI (Life Technologies). Images were taken on a Leica SD6000 spinning-disc confocal microscope equipped with an EM-CCD (electron-multiplying charge-coupled device) camera and a Z-galvanometer stage and processed using LAS AF software (Leica). All wide-field Z-stack images were deconvoluted through three blind iterative cycles. The amount of Kif7 and Gli2 at the ciliary tip or in the nucleus was quantified using ImageJ software. Each RGB image was first split into three channel images. Using the acetylated tubulin (red) or DAPI (blue) channel, a threshold value was selected, and the image was converted into a binary image. A mask was then constructed at the tip of each primary cilium or enclosing the nucleus in a given image. All masked regions from the acetylated tubulin or DAPI channel were copied and pasted into the Kif7/Gli2 channel (green channel), and the fluorescence intensities were measured.
Centrosome fractionation
Centrosomes were isolated using a discontinuous sucrose gradient centrifugation method (Meigs and Kaplan 2008; Reber 2011) . Upon reaching confluency, cells were treated with 5 mg/mL Cytochalasin B and nocodazole for 1 h at 37°C to induce the depolymerization of cytoplasmic actin filaments and microtubules, respectively. Cells were washed with HB buffer (20 mM Hepes at pH 7.8, 5 mM potassium acetate, 0.5 mM MgCl 2 , 0.5 mM DTT) and then incubated for 10 min at 4°C with HB buffer supplemented with protease inhibitors (Roche). After aspiration, cells were scraped into residual HB buffer and then Dounce homogenized with 10 strokes to disrupt the cell membrane. Cell debris and chromatin were pelleted by centrifuging the lysate at 3000 rpm for 5 min, and Triton X-100 was then added to the supernatant to a final concentration of 0.1%. The supernatant was loaded onto a step sucrose gradient (70%, 50%, and 40% [w/w] sucrose) and centrifuged at 26,000 rpm in a SW28Ti rotor for 1 h at 4°C. Next, 0.5 mL fractions were removed, and aliquots were analyzed by SDS-PAGE and immunoblotting for g-tubulin-enriched fractions.
